In urban areas, a highly variable mixture of pollutants is deposited as particulate 14 matter. The concentration and bioavailability of individual pollutants within particles need to 15 be characterised to ascertain the risks to ecological receptors. This study, carried out at two 16 urban parks, measured the deposition and water-solubility of metals to four species common 17 to UK urban areas. Foliar Cd, Cr, Cu, Fe, Ni, Pb and Zn concentrations were elevated in at 18 least one species compared with those from a rural control site. Concentrations were, 19 however, only affected by distance to road in nettle and, to a lesser extent, birch leaves. 20
1
Introduction 30 between 12 and 50 m. PM 10 concentrations in the air were augmented within approximately 119 25 m of the road at both sites. A transect with a length of 12 m was therefore selected for 120 both sites to achieve a range of PM 10 exposure. 121
Species selection 122
Plant species used in this study were chosen to represent a large range of potential 123 particulate uptake rates and consideration was made of their prevalence in urban areas. 124
Field maple (Acer campestre L.) is very common in urban environments and its large, smooth 125 leaves result in relatively low particulate capture (Freer-Smith et al., 2005) , in addition the 126 thick, waxy cuticle on the leaves is likely to restrict the absorption of soluble metals adhering 127 to leave surfaces. Downy birch (Betula pubescens L.) is commonly found on roadside verges 128 and provides an importance habitat for herbivores; the leaves are small and downy and, 129 therefore, have the potential to be efficient particulate scavengers. Lawson cypress 130 (Chamaecyparis lawsonia (A. Murray) Parl.) is very common in urban areas, primarily due to 131 its use as a screen around private gardens. This species has very dense foliage and this, 132 combined with the fact that it is in-leaf throughout the year, results in a very high particulate 133
Plants were removed form their respective positions after 74 days at Brompton Square and 148 114 days at Alice Holt and Park Square Gardens. 149
Plants were harvested prior to leaf senescence. Leaves with petioles intact were 150 stripped from the branches. The leaves of cypress are scale-like and grow around woody 151 parts of the tree, making dissection of leaves from branches very difficult. Therefore, a 152 method to distinguish leaves from branches was used (Freer-Smith et al., 2005) . This 153 method treats smooth barky sections as branches and irregularly shaped green sections as 154 leaves. The leaves were oven-dried at 70 °C overnight. The foliage was divided into two 155 sub-samples in order to quantify the total, water-soluble and insoluble metal fractions within 156 the leaves. The total metal concentrations were determined from the oven-dried samples. 157
The water-soluble and insoluble fractions were determined using the method outlined in 158 Kozlov et al. (2000a) . The leaves were boiled in deionised water for 15 minutes, which aims 159
to remove approximately 90 % of the soluble metals from the leaf. The leaf material then was 160 oven-dried at 70 °C for 48 hours. The boiled leaves were assumed to contain insoluble 161 metals and a small fraction of soluble metals (< 10 %) not extracted by boiling (Kozlov et al., 162 2000a) . 163
Plant samples were dry-ashed at 450 o C for 18 hours and then wet digested 164 (Chapman, 1967 The solution resulting from the leaf boiling was centrifuged at 12 000 rpm for 15 173 minutes to remove any insoluble metal particles that may have been washed from fused sub-174 cuticular waxes (Kozlov et al., 2000a 
Statistical analysis 181
Total Pb concentrations in the nettle tissue at the 2 m and 12 m distances from the 182 road at the Brompton Square site were omitted from the analysis due to inconsistencies 183 between the results. The total and soluble metal concentrations in the foliar tissues were 184 subjected to a log transformation to achieve an approximately normal distribution and jointly 185 analysed at the plot level using the REML algorithm in Genstat version 10.1 (Genstat, 2007) . 186
The model included a general variance-covariance structure for the metals with independent 187 errors for site, species and distance from the road. Correlated errors for distance from the 188 road were considered, but were found not to be required. The model terms were tested using 189 a Wald test giving an F-statistic with approximate degrees of freedom. Residual plots were 190 examined to confirm model adequacy. Due to the large number of tests carried out a 191 protection level of α/k was used, where α is the chosen significance level (5%) and k is the 192 number of tests being considered. 193
The mean (across all distances) total and soluble foliar concentrations were 194 compared with the mean concentrations from the rural control site using an approximate t-test 195 with unequal variances and adjusted degrees of freedom (Winer, 1970 ) in Genstat version 196 10.1 (Genstat, 2007 . 197
Results 198

Total metal concentrations in the plant leaves 199
The REML analysis found that there was no significant difference between the leaf 200 metal concentrations at the two sites. Unsurprisingly, the metal, plant species, distance from 201 the road and the interactions between them all had a significant affect on the leaf 202 concentrations (all P<0.001). Individual metal concentrations were positively correlated with 203 one another (Table 2) The ranking between species was consistent between the metals with birch and 224 nettle leaves having the greatest concentrations of all metals compared with both cypress and 225 maple ( The ranking between metal concentrations was consistent between species 239 (P<0.001; Table 3 ) and in the order Fe>Zn>Ba>Cu>Pb>Cr>Ni>Cd with all differences being 240 significant (all P<0.001). 241
Soluble metal concentrations in the plant leaves 242
Analysis of the data for the soluble metal concentrations in the leaves showed that 243 there was no significant affect of distance (Figure 2 Generally, there were no significant differences between the two sites when 252 comparing the mean concentrations for each species, the only exceptions being that the birch 253 trees grown at Brompton Square had significantly greater Cd and Cr concentrations 254 compared with those from Park Square Gardens (Table 5 ; both P<0.001). The dataset was 255 unbalanced due the missing Cd and Cr values for maple, and therefore the analysis was 256 repeated omitting these results. As with the total metal concentrations, birch had the greatest 257 concentrations of soluble metal concentrations compared with the cypress and maple, 258 although for cypress this was only significant for Ba, Cu, Ni and Zn (all P<0.001) and for Ba 259 was only significant for Ba, Fe, Ni, Pb and Zn (all P<0.001). There was generally no 260 significant difference between the soluble metal concentrations in the leaves of Lawson 261 cypress and maple, with the exception of Cu where concentrations in maple were greater 262 than those in cypress (P<0.001). 263
The ranking between metal concentrations was, again consistent between species 264 (P<0.001; Table 5 ) and in the order Zn>Fe>Ba>Cu>Pb, Ni>Cr>Cd, with all differences being Metal deposition has been correlated with tree mortality and injury in rural areas 292 (Gawel et al., 1996) and toxicity at the ecosystem level has been related to soil microbial 293 activity rather than direct effects on the plants (Grantz et al., 2003) . The likely physiological 294 effects of airborne metal deposition are difficult to gauge for plants as the majority of toxicity 295 experiments relate toxic effects to root uptake rather than their deposition as particles to leafsurfaces. The concentrations of metals in tree foliage, as a result of root uptake, reported to 297 have a toxicological effect are generally much greater than the concentrations in the present 298 study (Smith and Brennan, 1984; Heale and Omrod, 1982; Carlson and Bazzaz, 1977; Brown 299 and Wilkins, 1985) . This suggests that despite the elevated concentrations compared to the 300 control site they are unlikely to result in any direct toxicity to the plant species studied. 301
There were no major differences between leaf metal concentrations at Brompton 302 Square and at Park Square Gardens where plants were exposed for 55% longer. This 303 suggests that adsorption sites on the leaf may be quickly filled with metal particles so that 304 after a short exposure period (<11 weeks) the metal concentrations plateau. This hypothesis 305 is supported by evidence from leaf washing studies which have shown that a portion (more 306 than 65%) of metal is retained permanently on the leaf surface (Kozlov et al., 2000a) . 307
Moreover, a previous study of metal burdens over the entire season showed that metal 308 concentrations either remained constant throughout the season or increased during the first 309 half of the growing season and decreased during the latter half (Smith and Staskawicz, 1977) . 310
Another explanation for the similarity in foliar metal concentrations between sites is that the 311 average deposition rate was higher at Brompton Square or that there were differences in the 312 dispersion of the particulates over the parks. 313
Despite these elevated concentrations and the observed decline in PM 10 314 concentrations within 12 m from each road, distance from the road did not have a consistent 315 affect on metal concentrations in the leaf tissue from the three tree species investigated. Only 316
Cu concentrations in birch and maple leaves were significantly related to the distance from 317 the road. The affect of distance was, however, closely related to the total concentrations of 318 Cd, Cr, Cu, Fe, Ni and Zn in the nettle leaves. 319
Differences in metal concentration between plant species 320
The difference in metal concentrations between species is likely to be due to 321 differences in their leaf arrangement, morphology and/or surface properties. Species with a 322 large number of small, hairy and sticky leaves have been shown to exhibit high particulate 323 capturing efficiencies (Beckett et al., 2000a; Freer-Smith et al., 2004; Freer-Smith et al., maple. Although only Cu concentrations in birch were significantly affected by distance from 327 the road, Cr, Fe and Ni concentrations did appear to be declining. This, together with the fact 328 that metal concentrations in nettle were often greater than those in birch, suggests that if the 329 exposure period had been extended the differences in concentration in birch along the 330 transect may have become more pronounced. The affect of distance on nettle concentrations 331 may have been a function of the smaller height of this species compared with the trees 332 (Smith, 1976) . The tree species used in this study were all standards, with heights of 333 between 1.5 to 1.8 m, whereas the nettle plants were positioned on site when their heights 334 were 0.2 m. The nettles are therefore more likely to be exposed to re-suspended road dusts 335 (Fernández Espinosa and Rossini Oliva, 2006) and spray from roads during wet weather than 336 the taller tree species. This is supported by the dramatic decline between the 0 and 2 m 337 distances observed in the nettle tissue concentrations at Park Square Gardens. 338
The relatively low metal concentration in maple leaves is likely to be due to their 339 comparatively large leaves and waxy cuticles (Pyatt, 1973) . Cypress has previously been 340 reported to have a greater particulate capturing efficiency than other tree species due to their 341 dense needle structure (Beckett et al., 2000b) , but in this study the needle metal 342 concentrations were smaller compared with the other species. The greater capturing 343 efficiencies are based on the mass of particles deposited on the plant as a whole and, as 344 cypress has a large leaf area index and therefore surface area, the total mass of particulates 345 may be large, despite the concentration per mass of foliage being low. Unlike the other tree 346 species tested, which lose their leaves each year, cypress needles may be retained for 2-10 347 years so the concentrations of metals within them may accumulate to significantly greater 348 levels than those reported here or those found in deciduous species. conditions, both of which vary over time (Tomasevic et al., 2005) . Assuming the soluble 388 fraction of metals deposited to trees during the present study were similar to those cited in the 389 literature, then it is evident here that a loss of soluble metal has occurred at some point, most 390 likely through leaf runoff following precipitation which removes water-soluble deposits more 391 rapidly than insoluble deposits (Rodrigo and Avila, 2002) . However, the domination of 392 insoluble metals in leaf particulate deposits may also suggest the main components of the 393 particles are derived from road dusts and soil re-suspension (Duan et al., 2005; Manalis et al., 394 2005) . In stable atmospheric conditions, coarse particles, such as these, will deposit very 395 quickly (QUARG, 1996) . This is supported by the rapid fall of metal levels away from the 396 road, which is characteristic of coarse particle dispersion (QUARG, 1996) . 397
Conclusion 398
This study provides further evidence that traffic represents a significant source of 399 Table 5  558 Log soluble metal concentrations in leaves of downy birch, Lawson cypress and field maple exposed to particulate emissions at varying distances (up to 12 559 m) from two heavily polluted London roads at Brompton Square (74 day exposure) and Park Square Gardens (114 day exposure) and the differences 560 between these concentrations compared with those from a rural control site (114 day 
